Fifty-three years of the NCEP-NCAR Reanalysis I are dynamically downscaled using the Regional Atmospheric Modeling System (RAMS) to generate a regional climate model (RCM) climatology of the contiguous United States and Mexico. Data from the RAMS simulations are compared to the recently released North American Regional Reanalysis (NARR), as well as observed precipitation and temperature data. The RAMS simulations show the value added by using a RCM in a process study framework to represent North American summer climate beyond the driving global atmospheric reanalysis. Because of its enhanced representation of the land surface topography, the diurnal cycle of convective rainfall is present. This diurnal cycle largely governs the transitions associated with the evolution of the North American monsoon with regards to rainfall, the surface energy budget, and surface temperature. The lower frequency modes of convective rainfall, though weaker, account for rainfall variability at a remote distance from elevated terrain. As in previous studies with other RCMs, RAMS precipitation is overestimated compared to observations. The Great Plains low-level jet (LLJ) is also well represented in both RAMS and NARR, but the Baja LLJ and associated gulf surges are not.
Introduction
Summer climate in North America, and its variability, is strongly influenced by the North American monsoon system (NAMS). The large-scale changes in climate resulting from NAMS development have been thoroughly documented by observational analyses (e.g., Bryson and Lowry 1955; Adams and Comrie 1997; Douglas et al. 1993; Douglas 1995; Higgins et al. 1997a,b; Barlow et al. 1998 ). Much of this prior work employed global atmospheric reanalyses (GR), such as the National Centers for Environmental PredictionNational Center for Atmospheric Research (NCEP-NCAR) Reanalysis I (Kalnay et al. 1996) or the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40; Uppala et al. 2005) . These data are advantageous because they have long records (on the order of 50 years) and are based on atmospheric general circulation models (GCMs) with a fixed dynamical core, physical parameterizations, and data assimilation system. However, because of their coarse resolution and physical parameterizations, the conclusions that can be drawn from such datasets are limited. This is particularly the case in the warm season because of the dominance of convectively generated precipitation. The recently released North American Regional Reanalysis (NARR; Mesinger et al. 2006 ) may help to advance our physical understanding of the summer climate. NARR is designed to be a dynamically consistent, high-resolution (32-km grid spacing; 45 vertical levels), high-frequency (3 h) atmosphere and land surface hydrology dataset, though data are available only from 1979 on. More of its particular aspects as relevant to the present study are discussed in section 2. The reanalyses are essentially diagnostic atmospheric models, defined by as models that are used in concert with observations via data assimilation. Their primary goal is to obtain the best possible description of the atmosphere and land surface within a consistent framework.
Another tool that has utility in investigation of the summer climate is a regional climate model (RCM) . In contrast to a reanalysis, the RCM is used as a process model, in which the goal is to improve understanding of the atmospheric dynamics and thermodynamics. Although comparison of model results to observations is useful in this case, the goal is not necessarily to reproduce the observations. RCMs can be used several frameworks, or dynamical downscaling types, as defined in Castro et al. (2005) . In Type 2 dynamical downscaling, for example, an atmospheric reanalysis is used to specify the large-scale forcing to the model. For such simulations, RCMs at present typically use a grid spacing of 10-50 km and a horizontal domain of several thousand kilometers. RCM process studies of North American summer climate thus far fall into one of two types: value-added studies or sensitivity studies.
The value-added studies demonstrate improved representation of mesoscale features in the RCMs, due to better representation of the surface boundary or the dynamics and physics of the model (e.g., Anderson et al. 2000 Anderson et al. , 2004 Anderson 2002; Berbery 2001; Saleeby and Cotton 2004; Xu et al. 2004) . RCMs can improve the representation of the diurnal cycle of convection, the Baja low-level jet (LLJ) and associated gulf surges, the continental out-of-phase relationship in rainfall between the core monsoon region and central United States, and precipitation, though it typically more closely matches satellite observations. Xu et al. (2004) , in particular, examined the development of the NAMS onset period during a 22-yr simulation with the fifth-generation Pennsylvania State University-NCAR Mesoscale Model (MM5) over Mexico and will serve as an important point of reference in evaluating the RCM simulations in this paper.
In sensitivity studies, the surface boundary is changed (soil moisture, vegetation, or sea surface temperature) or the configuration of the RCM (model physical parameterizations, grid spacing, domain size, and/or nudging options) is varied (e.g., Xu and Small 2002; Gochis et al. 2002 Gochis et al. , 2003 Kanamitsu and Mo 2003; Liang et al. 2004; Miguez-Macho et al. 2005; Castro et al. 2005 ). There can be large sensitivities to the RCM experimental design, particularly to the choice of convection scheme and nudging options. This can drastically affect the continental-scale distribution of rainfall, for example, such that the monsoon occurs or does not at all (Liang et al. 2004 ). It is not surprising, therefore, that various RCM solutions for the same time period can be very different, as seen in recent results from the North American Monsoon Model Assessment Project (NAMAP; Gutzler et al. 2004) . Such studies provide guidance for constructing an appropriate RCM experimental design for a value-added study and evaluating RCM results. In terms of this categorization, the present investigation is a RCM process study designed to demonstrate the value added by a particular RCM representation of the summer climate of North America (specifically the contiguous United States and Mexico) for the period 1950-2002. There are three goals that we wish to accomplish: First, demonstrate that the RCM captures essential features of North American summer climate in a Type-2 dynamical downscaling mode. The RCM and NARR will help define what these essential features are, and the NARR provides a consistent target for evaluation of the RCM results. These must then necessarily be present in a seasonal weather prediction mode RCM, or Type-3 dynamical downscaling, in which a GCM is used to supply the lateral boundary forcing to the RCM. This issue is relevant given that recent studies of this type have made specific and dramatic assertions as to how regional climates in North America may change in the future (e.g., Diffenbaugh et al. 2005) . Second, present the results for one RCM climatology in a given dynamical downscaling framework, so that it may be compared with other RCMs and suggest a methodology to construct and analyze RCM climatologies for other parts of the world. Third, and perhaps most important, establish the longest RCM summer climatology in North America to date (more than 30 years longer than the NARR) so that long-term climate variability may be evaluated. This topic is treated separately in a companion paper (Castro et al. 2007) .
The outline for the paper is as follows. Section 2 gives a description of the RCM and experimental design. Section 3 describes the datasets used for RCM evaluation, including additional detail on the NARR. Section 4 compares the model results against available obser-vations of precipitation and surface temperature. Section 5 shows additional comparison of model-derived quantities. Section 6 investigates the time-varying modes of atmospheric variability using a spectral analysis technique. A discussion and summary are given in sections 7 and 8, respectively.
RCM description and experimental design a. The model
The model used is the Regional Atmospheric Modeling System (RAMS, version 4.3) . This is the same model used by Saleeby and Cotton (2004) in simulating the 1993 North American monsoon season, though the particular model setup here is different. RAMS was originally developed at Colorado State University to facilitate research into predominately mesoscale and cloud-scale phenomena (Cotton et al. 2003; Pielke et al. 1992) . It is fully three-dimensional and nonhydrostatic (Tripoli and Cotton 1980) . In addition to the study by Saleeby and Cotton, RAMS has demonstrated its utility as a RCM for North America in Eastman et al. (2001) , Adegoke et al. (2003) , and Liston and Pielke (2001) . The model domain (Fig. 1 ) has horizontal dimensions of 160 ϫ 120 grid points with a grid spacing of 35 km, encompassing the contiguous United States and Mexico. The model uses a vertically stretched grid with a maximum vertical grid spacing of 1000 m. The minimum vertical grid spacing is 100 m with a vertical stretch ratio of 1.2. There are 30 grid points in the vertical. A modified Kain-Fritsch cumulus parameterization scheme (Castro et al. 2002; Castro 2005) , similar to that used in the operational version of the Eta Model, is used to simulate convective precipitation. The KainFritsch parameterization is a mass-flux scheme that accounts for convective updrafts and downdrafts, and cloud liquid and ice phases (Kain and Fritsch 1993; Kain 2004) . It has demonstrated a reasonable representation of North American warm season precipitation in other RCMs (Gochis et al. 2002 Liang et al. 2004) as well as RAMS (Castro et al. 2005) . Nonconvective precipitation is simulated by a simple dumpbucket scheme that considers the supersaturation of an air parcel. Other parameterizations are standard for a simulation of this type. Surface fluxes of heat and moisture are represented through the Land Ecosystem Feedback land surface model (LEAF-2) (Walko et al. 2000) . Diffusion is parameterized in the horizontal according to Smagorinsky (1963) and in the vertical according to Mellor and Yamada (1974) . The radiation scheme is that of Cotton (1983, 1987) .
b. Length of simulations and exterior forcing
The RAMS summer simulations begin 15 May and end 31 August. This interval is sufficient to capture the premonsoon period (15 May to 15 June), the onset of the monsoon (15 June to 15 July), and the peak of the monsoon (15 July to 15 August). Henceforth these defi- nitions will be used to contrast the climate as it evolves during the summer. The NCEP-NCAR GR I is downscaled for 53 years of record . For these simulations, year-specific initial (May) soil moisture and SST data are specified according to the surface datasets described in the proceeding section. The GR geopotential height, temperature, horizontal winds, and relative humidity on standard pressure levels are assimilated at 6-h intervals at regular analysis times. The model uses three-point lateral boundary nudging according to Davies (1976) . There is also weak internal nudging at a 1-day time scale, necessary to maintain variability at the large scale when RAMS is run as a RCM (Castro et al. 2005) .
c. Surface boundary specification
The surface boundary is specified with RAMS products available online from the Atmospheric, Meteorological, and Environmental Technologies (ATMET) Corporation (http://www.atmet.com). This includes U.S. Geological Survey (USGS) topography at 30-min resolution, variable soil type according to the United Nation's Food and Agriculture (FAO) data, and Olson Global Ecosystem (OGE) vegetation datasets. Yearspecific sea surface temperatures are from Reynolds and Smith (1994) and are updated monthly. Initial volumetric soil moisture data is prescribed by two datasets. In the part of the RAMS domain that corresponds to the North American Land Data Assimilation System (NLDAS) domain, monthly soil moisture from the Variable Infiltration Capacity (VIC) model is used. VIC is a large-scale hydrologic model run retrospectively over the NLDAS domain for the years 1950-2000 at 1 ⁄8°resolution (Maurer et al. 2002) . For the years 2001 and 2002, a similar NLDAS product is used. Outside the NLDAS domain, year-specific soil moisture is prescribed by a NCEP global moisture dataset that uses a one-layer hydrologic model described in Huang et al. (1996) . At model initialization, soil moisture is assumed constant through the model depth of 2.5 m.
The most optimal way to derive an initial soil moisture condition would be a "spinup" of the model for several months before the period of interest, as in Liston and Pielke (2001) . However, this would be very computationally expensive for many years of simulations. To investigate the possible impact of the initial soil moisture assumption, several additional sensitivity experiments were performed for the year 2000: a "cold start" simulation with homogeneous initial soil moisture (at 50% saturation) starting 15 May; a spinup simulation with homogeneous initial soil moisture from 1 January; and a simulation with lateral boundary forcing prescribed by the ECMWF Global Reanalysis with VIC initial soil moisture. In brief, these experiments showed seasonal differences in rainfall that were generally on the order of less than 1 mm day Ϫ1 between the spinup simulation and that with the initial VIC soil moisture used in the RCM climatology (results not shown). There were much larger differences in rainfall for the cold start simulation and simulation using the ECMWF GR. Therefore, given the objectives of the present study and the uncertainties in the lateral boundary forcing, the initial soil moisture assumption is probably good enough. It is also likely better than using the corresponding GR soil moisture as an initial condition (e.g., Xu et al. 2004 ).
Datasets for RCM evaluation a. Observations
The observed daily precipitation gauge data are from the U.S. Climate Prediction Center (CPC) real-time and retrospective dataset (Higgins et al. 1996) . These data span the period 1950-present and encompass all of the contiguous United States and Mexico. Daily satellite-derived precipitation is considered from three sources available from the NASA Goddard Distributed Active Archive Center: 1) the Global Precipitation Climatology Product (GPCP), which is a combined satellite and gauge product; 2) the Arkin and Janowiak Goddard Earth Observing Satellite (GEOS) precipitation index (GPI; Arkin 1979); and 3) the Tropical Rainfall Measuring Mission (TRMM). All of these datasets were used for the period 1998-2004 when daily data are available. Observed surface temperatures over land are taken from global summary of the day (SOD) data over the United States and Mexico.
b. NARR
The description of the NARR, as relevant to the present study, is briefly expanded here. NARR is based on the NCEP version of the Eta Model and data assimilation system, which includes the NOAH land surface model. Its lateral boundary conditions are supplied by the NCEP-Department of Energy (DOE) GR (NCEP Reanalysis II; Kanamitsu et al. 2002) . Additional data assimilated into the NARR include CPC and GPCP observed precipitation, near-surface winds and moisture, and satellite-derived temperatures. See Mesinger et al. (2006) for further details. All RAMS RCM results are presented alongside the NARR equivalents. Henceforth both are referred to as "models" when referencing their results. It should be expected a priori that NARR would yield the "better" results if the goal is strictly comparison with observations since it is a diagnostic model.
Comparison of model results to observations a. Precipitation
There are several a priori expectations as to where the enhanced surface boundary of a RCM should add value to the climatology of precipitation and atmospheric moisture beyond an atmospheric reanalysis. First, it should be expected that the RCM should yield a better representation of rainfall as the summer season progresses. Analysis of radar data shows that rainfall becomes less dependent on large-scale synoptic weather systems and more dependent on diurnally forced convection or propagating mesoscale convective systems as the summer proceeds (Carbone et al. 2002) . Second, rainfall should be more realistically represented in locations where the diurnal cycle of convection is dominant, arising from complex topography and/ or land-sea contrast. These are also areas where periodic surges of moisture occur due to LLJs. Finally, it should be expected that precipitation should improve in areas where land surface feedback may be important. For these reasons, the focus here will be on the core monsoon region [defined as the U.S. Southwest (SW) and northwest Mexico] and the central United States.
The observed gauge-and satellite-derived precipitation products are shown in Fig. 2 . The features in the CPC gauge-derived precipitation are well known and have been previously described (e.g., Higgins et al. 1999 ). In the premonsoon period, there is a maximum of precipitation in the central United States. The principal moisture source for this precipitation is the Great Plains (GP) LLJ, which is strongest at this time relative to the latter part of the summer. In Mexico, the NAMS advances northwestward along the Sierra Madre Occidental (SMO) into the core monsoon region as the summer proceeds. In the southwest United States, during the premonsoon period there is little, if any rainfall, and hot, dry conditions. By July, the typical monsoon pattern develops across the continent. According to Higgins et al. (1999) , monsoon onset in the core monsoon region occurs sometime between late June and early July with a sudden increase in rainfall, on the order of 50 mm per month in the southwest United States and more than 100 mm per month along the SMO. The maximum rainfall amounts occur on the crests of the mountain ranges, like the SMO and the Mogollon Rim in Arizona. Correspondingly, during the peak of the monsoon, there is a decrease in rainfall in the central United States, particularly in the southern Great Plains where rainfall decreases 50 to 75 mm per month. In the southeast United States, there is a slight increase in rainfall following the monsoon onset in the southwest United States. This monsoon pattern of precipitation is maintained through August. GPCP yields nearly identical results. It is important to note, however, that other gauge-based precipitation data suggest that the CPC and GPCP products may be underestimating the summer rainfall in western Mexico, especially in the SMO (T. Cavazos 2005, personal communication) .
The purely satellite-derived precipitation products (results shown south of 40°N in Fig. 2 ) are more varied in their precipitation estimates. The TRMM data correspond fairly well with CPC and GPCP. However, the GPI product provides a higher estimate, particularly in western Mexico where the difference is in the range of 100 mm per month. Similar discrepancies in satellite versus gauge data were reported by . Differences may be accounted for by the specific algorithms to derive rain rate. The GPI algorithm tends to perform poorly in areas with a high coverage of cirrus clouds. This may explain why the rainfall maximum in western Mexico is shifted a bit farther west than observations. In spite of these differences in rainfall amounts, both GPI and TRMM capture the evolution of summer rainfall from the premonsoon to monsoon peak period well.
Modeled precipitation is shown in Fig. 3 . NARR precipitation, not surprisingly, is virtually identical to CPC and GPCP since these data are being assimilated. RAMS precipitation shows a similar pattern, though there are important differences. As in observations, RAMS captures the premonsoon maximum in precipitation in the central United States and the onset of the North American monsoon in the core monsoon region. In western North America, the precipitation is clearly tied to the topography, with a greater amount of precipitation occurring with higher elevation. In general, the model in its configuration tends to overestimate total precipitation throughout the entire domain when compared to gauge data. It overestimates most in the southeast United States and Mexico, with rainfall errors approaching 100 mm in a month, on the same order as the difference in the GPI product with CPC. An exception to this is the western part of the NAMS region (western Sonora and western Arizona), where precipitation is slightly underestimated. This may be a result of the model underestimating the strength of moisture flux from the Gulf of California into this region, to be discussed in section 4.
The corresponding NCEP and ECMWF GR precipitation is also shown in Fig. 3 . In contrast to the RAMS and observed precipitation, neither captures the seasonal evolution of precipitation well. The NAMS does not properly advance northwestward along the SMO and into the core monsoon region. The core of maxi-FIG. 2. Observed average precipitation (mm) for the summer months and the difference between the monsoon peak and premonsoon periods for gauge-and satellite-derived datasets. Shading indicated by color bars. Fig. 2 but for RAMS, NARR, NCEP GR, and ECMWF GR. mum rainfall (greater than 100 mm per month) fails to reach the state of Sonora in northwest Mexico. In the eastern United States, beyond the Great Plains, rainfall in the NCEP GR is overestimated through the entire summer as compared to gauge data. An overestimation of atmospheric moisture as provided by the NCEP GR to RAMS may be the cause of the excessive RAMS precipitation in this area. In the Great Plains itself, however, precipitation is underestimated, particularly in the latter part of the summer. The ECMWF GR does not capture the decrease in precipitation as the summer proceeds. Overall, the GRs represent precipitation worst in areas where the NAMS has the greatest influence on precipitation. Not surprisingly, similar results exist in GCM simulations (e.g., Yang et al. 2003) .
FIG. 3. As in
To further investigate the timing and amount of precipitation in the core monsoon region and central United States, the time evolution of daily average precipitation for the GP, SW, northern Sierra Madre Occidental (NSMO), and southern Sierra Madre Occidental (SSMO) is considered. The locations of these regions are shown in Fig. 4 . The GP and SW regions are nearly identical to those in Castro et al. (2001) . The observational products are first considered in Fig. 5a . These show a dry premonsoon period in the core monsoon region with a sudden jump in precipitation during the onset period. The onset period agrees with Higgins et al. (1999) . The differences between GPI and the other products become most apparent during this time.
In the NSMO, in particular, the precipitation amount estimated by GPI is about double that of CPC (6 versus 3 mm day Ϫ1 ). Meanwhile, precipitation in the GP gradually decreases following onset (by about 1 to 2 mm day Ϫ1 ). The corresponding regional model and GR precipitation are shown in Fig. 5b . The GR precipitation worsens as the summer proceeds. In particular, Fig. 5b clearly shows that the sudden increase in precipitation during the monsoon onset period does not occur in the NSMO and SW. Precipitation in the SW remains virtually unchanged through the entire summer and there is no monsoon at all. As mentioned, the ECMWF GR also shows no decrease in GP precipitation through the summer. RAMS increases the precipitation in all regions and shows that a RCM can improve upon the reanalysis in some regions. Most important, RAMS captures the sudden jump in precipitation in the NSMO and SW regions at monsoon onset. The evolution of precipitation in the GP, NSMO, and SW is close to that depicted by the GPI product and within 1 mm day Ϫ1 of the NARR in the GP and SW. The one region in which RAMS appears to degrade the precipitation estimate is the SSMO, where the NCEP GR already overestimates precipitation. RAMS precipitation in Mexico is similar to estimates with different RCMs (e.g., Xu et al. 2004 ). The comparison of precipitation between observational and model products demonstrates that the higher resolution of the RCM is necessary to capture the abrupt transitions in North American climate associated with development of the monsoon.
b. Surface temperature
June-August averaged surface temperature from RAMS and NARR along with the difference between monsoon peak and onset periods is shown in Fig. 6 . The most striking feature in RAMS temperatures is the maximum in the Colorado River valley matching the climatological position of the surface heat low that forms in this location. The local maximum in average surface temperature is greater than 306 K. The NARR surface temperatures are warmer throughout the Great Plains and U.S. Southwest by 2-4 K. In spite of this difference in mean temperature, both models show that surface temperature decreases in northwest Mexico by 1-3 K after monsoon onset. While this occurs, temperatures in the surrounding areas increase.
The time evolution of average surface temperature, including SOD data, through the summer season for the regions in Fig. 4 is shown in Fig. 7 . In all monsoon regions, the SOD data indicate that surface temperatures increase until monsoon onset, then gradually decrease. The observed temperature decreases are more dramatic in Mexico, especially in the NSMO (3-4 K) due to the abrupt shift in rainfall. The average surface temperature in the Great Plains tends to increase to a maximum of 300 K in mid-July, then decrease into August. As compared to the SOD data, there is a cold bias in RAMS for all of the regions, which may reflect the fact that RAMS is overestimating the precipitation. RAMS and NARR show a decrease in surface temperature in the SMO following monsoon onset, but not in the U.S. Southwest, in contrast to Xu et al. (2004) . The NARR, quite surprisingly, has a warm bias in surface temperature in the Southwest and Great Plains
FIG. 5. Evolution of average observed precipitation (mm day
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) for regions identified in Fig. 4 for (a) observed datasets and (b) RAMS, NARR, NCEP GR, and ECMWF GR: Premonsoon, monsoon onset, and monsoon peak periods identified.
(2-4 K), especially during the latter part of the summer. RAMS provides better representation of surface temperature for those regions. Figure 8 shows the surface moisture flux. The surface moisture flux is considered instead of the total integrated moisture flux to better highlight the Great Plains and Baja LLJ. It has been noted that the Great Plains LLJ is well represented by the NARR, and our own analysis with SOD-derived surface moisture flux (Castro 2005) obtained nearly identical results for its magnitude (on the order of g kg Ϫ1 60-80 m s
Comparison of model-derived quantities a. Surface moisture flux
Ϫ1
). RAMS overestimates the strength of the Great Plains LLJ by about 10%-20%, but its seasonal evolution is well represented. As the summer proceeds, the Baja LLJ increases in strength, and much of its variability occurs due to periodic gulf surge events, such as demonstrated by Berbery (2001) and Berbery and Fox-Rabinovitz (2003) . Surges are characterized by southeasterly winds through the Gulf of California, so that the total wind vector is parallel to the coast. The Baja LLJ in the NARR is dramatically overestimated, and this serious problem has been previously documented (Mo et al. 2005 ). The climatological magnitude (100 g kg Ϫ1 m s Ϫ1 ) and orientation of the surface moisture flux reflecting the Baja LLJ in the NARR is about the same as observed during a strong gulf surge event in the North American Monsoon Experiment (NAME; Rogers 2005) . By contrast, the magnitude of the RAMS average surface moisture flux is much closer to that observed (40-60 g kg Ϫ1 m s
). However, RAMS tended FIG. 5. (Continued) to underestimate the strength of gulf surges and never produced southeasterly winds in the Gulf of California. We examine this issue further in section 6 and suggest reasons for the incorrect representation of the Baja LLJ in RAMS.
b. The 700-mb wind
The monthly average 700-mb winds (Fig. 9 ) are nearly identical to the Xu et al. (2004) climatology and NCEP GR. These results are not very surprising given that RAMS is being nudged in its interior. Though not shown, a similar result exists for the evolution of 500-mb height (e.g., Castro et al. 2001) . The 700-mb winds reflect the northwestward advancing anticyclonic circulation that centers itself over the U.S. Southwest during July and August. To the south of this anticyclonic center, winds are easterly. At this time, the zero mean zonal wind line reaches into Arizona and New Mexico, but easterlies can periodically penetrate farther northward with the passage of disturbances around the southern periphery of the ridge. In the monsoon regions identified earlier, the switch to easterly flow at 700-mb generally corresponds to monsoon onset. This suggests that most of the upper-level moisture for the monsoon is originating from the Gulf of Mexico after onset, in agreement with previous GR studies (e.g., Schmitz and Mullen 1996) . It is also opposite to the direction of the surface moisture flux in Fig. 8 , which suggests a low-level monsoon moisture source (below 700 mb) of the Gulf of California or east Pacific.
c. Sensible and latent heat fluxes
The average summer sensible and latent heat fluxes and the difference between the monsoon peak minus premonsoon period are shown in Fig. 10 . For both RAMS and NARR, the surface heat fluxes reflect the evolution of surface temperatures shown in section 3b, and the largest changes are found in the south-central United States and core monsoon region. During the premonsoon period there is a maximum in sensible heat flux in the Sonoran desert (RAMS has an additional maximum on the east coast of Mexico). In the southcentral United States, most of the surface energy is being partitioned into latent heat (about 200 W m Ϫ2 in RAMS), which confirms that this region is an important moisture source for precipitation (Brubaker et al. FIG. 6 . Average surface temperature (K) for the summer months and the difference between the monsoon peak and monsoon onset periods for RAMS and NARR. Shading indicated by the color bars.
2001). The magnitude of the latent heat flux in this region is less in the NARR (by about 40 W m
Ϫ2
) because less rainfall occurs compared to the RAMS simulations. After monsoon onset, the latent heat flux decreases and the sensible heat flux increases as the soil moisture dries out. The core monsoon region can be divided into two parts with distinct behavior with respect to surface heat fluxes. In areas with the heaviest rainfall, like the SMO in Mexico, the sensible heat flux decreases after monsoon onset. To the north and west, in the southwest United States and northwestern Sonora, even though rainfall increases after monsoon onset, it is less, and more, intraseasonally variable (see section 6). So the sensible (latent) heat fluxes do not change their tendency to increase (decrease) as the summer proceeds. This would explain why modeled surface temperatures do not decrease following monsoon onset in the southwest United States (Fig. 7) . It is also worth noting that the largest values of latent heat flux in the NARR (more than 200 W m Ϫ2 ) occur in the Gulf of California.
Spectral analysis of integrated moisture flux convergence
As a proxy for convection in the model, we use model-integrated moisture flux convergence (MFC) (e.g., Castro et al. 2005) :
١͑qv͒ dp, ͑1͒
where q is the specific humidity, v is the horizontal wind vector, and p is the pressure; p s and p top correspond to the surface pressure and pressure at the model top (or 100 mb in the NARR), respectively. MFC is used, in lieu of precipitation, because it is more closely related to the model dynamics and less influenced by the convective parameterization. It is also available from RAMS and NARR at a time interval necessary to capture the diurnal cycle (6 and 3 h, respectively, for each). The spectral power of MFC per wavenumber k for a given 30-day period (S k ) is computed using a conventional Fourier analysis technique (e.g., von Storch and Zwiers 1999). The formulation of Gilman et al. (1963) is used to compute the red noise spectrum ( k ). A complete description of the mathematical details is given in Castro (2005) . Similar spectral decomposition approaches have been done using RCM data (Berbery and Fox-Rabinovitz 2003) and radar observations (Carbone et al. 2002) . The spectral power (S) in a given band k 1 to k 2 is
͑2͒
This is multiplied by a weighting factor (W ) that accounts for the area that is above a red noise spectrum. The weighting factor is determined in the following way. First, the integrated spectral power in the band
͑3͒
Next, the total area above and below the red noise spectrum (A tot ) is
The weighting factor is then W ϭ A ϩ /A tot : W ϭ 1 means that all the spectral power in the band exceeds red noise and W ϭ 0 means that all the spectral power in the band is below red noise. For a given 30-day period, the average integrated climatological spectra (S) is weighted by the fraction of spectral power above the climatological red noise spectrum in a given frequency band (W ). The weighting ensures that the most physically relevant features are emphasized. We henceforth refer to the quantity WS as ) for the summer months and the difference between the monsoon peak and monsoon onset periods for RAMS and NARR. Vector length is 100 g kg Ϫ1 m s
Ϫ1
. Shading indicated by color bars.
the weighted spectral power. Three distinct frequency bands are specified by the distinct behavior of MFC: a synoptic mode (4-15 days), a subsynoptic mode (1.5-3 days), and a diurnal mode (1 day). Figure 11 shows the averaged weighted spectral power of MFC in the diurnal band for the summer months and the monsoon minus premonsoon period. With a few exceptions, the magnitude and spatial pattern of the diurnal cycle is fairly consistent between RAMS and NARR. The weighted spectral power is positive throughout the entire domain and largest where there are terrain gradients and areas of land-sea contrast. The strongest diurnal signal (greater than 50 mm 2 day Ϫ2 ), not surprisingly, occurs in central and southern Mexico. This maximum advances northwestward along the SMO with the monsoon. Another maximum in the diurnal cycle occurs on the eastern side of the Rocky Mountains in Colorado and extends into the Great Plains, reflecting the nocturnal peak in convection there. In the southeast United States, there is a diurnal cycle tied to a sea breeze circulation, particularly in Florida. RAMS appears to overestimate the strength of the diurnal cycle in the Appalachians, and this leads to the large overestimate in rainfall there. The ) for the summer months and the difference between the monsoon peak and premonsoon periods for RAMS and NARR. Shading indicated by the color bars.
tude of the diurnal cycle of MFC is about 10 times weaker in the NCEP GR (bottom of Fig. 11 ). The GR rainfall is most profoundly impacted in areas where the diurnal cycle is the dominant mechanism for summer rainfall, in this case the core monsoon region and the central United States. Therefore, increased resolution of the complex terrain in western North America is crucial for a reasonable representation of the NAMS.
The other modes of variability in MFC are much weaker in strength than the diurnal cycle but are still physically important and display distinct spatial patterns. The subsynoptic component (Fig. 12) , unlike the diurnal cycle, has virtually no weighted spectral power in the western United States, southeast United States, or Mexico. Virtually all of the variability in this band occurs east of the Rocky Mountains. In RAMS it can be approximately equal to or slightly more than the magnitude of the diurnal cycle but is weaker in the NARR. This band is reflecting convection due to fast-moving synoptic weather systems or propagating mesoscale convective systems (MCSs) around the northeastern periphery of the monsoon ridge. These MCSs typically originate as diurnal convection over the Rocky Mountains that propagate through the Great Plains and into ) in the diurnal band for the summer months and the difference between the monsoon peak and premonsoon periods for RAMS, NARR, and NCEP GR. Shading indicated by the color bars.
the Midwest Tripoli and Cotton 1989; Wetzel et al. 1983; Carbone et al. 2002) . As the monsoon ridge evolves through the summer, the peak minus premonsoon difference shows that this mode decreases in strength in the south-central United States and increases in strength in the upper Midwest. This mode is partially responsible for the rainfall maximum in the central United States in late spring to early summer.
The synoptic mode of MFC is shown in Fig. 13 . Like the diurnal cycle, this mode has the largest weighted spectral power in the southeast United States, Mexico, and western United States and reflects the passage of westward propagating disturbances around the southern periphery of the monsoon ridge (i.e., inverted troughs, tropical easterly waves, and possibly tropical cyclones). The monsoon minus premonsoon difference in the synoptic MFC clearly shows that these westward propagating disturbances affect convection in central and southern Mexico in the premonsoon period and then the southeast United States and core monsoon region during the peak of the monsoon. In the core monsoon region, these disturbances enhance the diurnally forced convection and allow it to more readily propagate off the elevated terrain and organize into MCSs, such as demonstrated in radar observations (Carbone et al. 2002) . Such bursts of convection are reflected in a significant spectral peak in rainfall in the 12-18-day band in Arizona (e.g., Cavazos et al. 2002) . If they are propagating westward off the SMO, the MCSs may trigger moisture surges into the Gulf of California. FIG. 12 . As in Fig. 11 but for the subsynoptic (1.5-3 day) band.
A major surge may be triggered if these events are preceded by the passage of a westerly trough (Adams and Comrie 1997; Stensrud et al. 1997) or a tropical cyclone near the Gulf of California (R. Maddox 2006, personal communication) . As with the diurnal cycle, the NCEP GR does a poor job of capturing variability of MFC in this band. Figure 14 shows the fraction of weighted spectral power of each band relative to the sum of all the bands averaged over the summer for RAMS and NARR. Though the diurnal cycle is clearly the dominant mechanism of summer rainfall, lower frequency modes of convection do significantly impact the summer rainfall in areas at a distance from elevated terrain. The subsynoptic MFC fraction suggests that approximately 20%-60% of summer rainfall in the Midwest may be due to MCSs, which matches earlier estimates based on analysis of precipitation (Fritsch et al. 1986 ). The synoptic MFC fraction illustrates that MCS and gulf surgerelated rainfall in the core monsoon region become more important at the northernmost extent of the core monsoon region, especially Arizona, and at lower elevation. Previous RCM studies have shown that gulfsurge-related precipitation accounts for the majority of rainfall in the western part of the state toward the Colorado River valley (Berbery and Fox-Rabinovitz 2003) . FIG. 13 . As in Fig. 11 but for the synoptic (4-15 day) band.
Given the difficulty in simulating gulf surges in RAMS in the present configuration, further research with finer-resolution RCMs is necessary to clarify its role.
Discussion
This evaluation of North American summer climatology with RAMS, combined with the NARR, allows us to define some essential features of North American summer climate that necessarily require a RCM to be properly represented. In agreement with previous studies, the most important value-added component by the RCM is the diurnal cycle of convective rainfall. The addition of high-resolution surface information is necessary to simulate the terrain-induced mesoscale circulations, especially in the core monsoon region and central United States. Because global atmospheric reanalyses (GR) and GCMs cannot properly represent the diurnal cycle, they cannot resolve the major and abrupt climatological transitions in North American summer rainfall. The diurnal cycle necessarily affects the lower FIG. 14. Summer average fraction of MFC in the given spectral band relative to the total of the three bands for RAMS and NARR. Shading indicated by the color bars.
3862 frequency modes of convective rainfall because these strongly depend on terrain-induced convection. The representation of the convective rainfall will affect how the surface energy budget and mean surface air temperatures are represented in the RCM. In areas where most of the monsoon rainfall is due to diurnal convection, the regular and steady daily rainfall that occurs after monsoon onset is sufficient to lower the Bowen ratio, so mean surface air temperature decreases. Where rainfall is more intraseasonally variable, the mean surface temperatures do not exhibit a decrease subsequent to monsoon onset. Thus, the climatological character of the NAMS in the United States is distinct from that in Mexico. Castro et al. (2007) will show that the same holds true with respect to climate variability.
In spite of the ability of both RAMS and NARR to successfully represent many aspects of North American summer climate, each model had its own unique deficiencies and neither should be considered a "perfect" product. The most important point to highlight is the misrepresentation of the Baja LLJ in both models. The failure to reproduce the salient features of the Baja LLJ in RAMS may be due to a combination of factors in the RAMS experimental design. Though other models have achieved a reasonable representation of the Baja LLJ at comparable grid spacing, a grid spacing of 35 km may not be sufficient for RAMS. The simplifications in the representation of precipitation may also be a factor. Specifically the model did not include an explicit microphysical representation of the precipitation. A test simulation with a 5-km nested grid over the Gulf of California with explicit microphysics performed much better.
RAMS represented aspects of summer precipitation well in some regions but not in others. The simulation of summer precipitation by RAMS in North America is on par with other RCMs referenced herein. As the sensitivity studies demonstrate, it is difficult to define the "correct" RCM configuration that will compare universally well with observations. RAMS improved the representation of precipitation, as compared to the NCEP-NCAR global reanalysis, in regions most significantly impacted by the NAMS. In addition, what is the "correct" observed precipitation to compare model results against? Should the CPC gauge observations be really trusted as "ground truth" in Mexico? Or are RCMs actually doing better than observations would currently suggest? Improving the estimation of precipitation in this region in observations and regional models was one of the major goals of the recent NAME and is an area of ongoing research.
Summary
In this Part I of the study, 53 years of the NCEP-NCAR Reanalysis I have been dynamically downscaled using RAMS to generate a RCM summer climatology of the contiguous United States and Mexico. Data from the RAMS simulations were compared to the recently released NARR, as well as observed precipitation and temperature data. The RAMS simulations show the value added by using a RCM in process mode to represent North American summer climate beyond the driving GR. Because of its enhanced representation of the surface boundary, the diurnal cycle of convective rainfall is present. This diurnal cycle largely governs transitions associated with evolution of the North American monsoon, in terms of rainfall, the surface energy budget, and surface temperature. The lower frequency modes of convective rainfall, though weaker, account for rainfall variability at a remote distance from elevated terrain. As in previous studies, RAMS RCM-generated precipitation is overestimated compared to observations. The Great Plains LLJ was also well represented in both RAMS and NARR, but the Baja LLJ and associated gulf surges were not.
